The choking velocity, at which the substantial transport of solids becomes impossible in a pneumatic conveying system, is predicted on the basis of the dynamic stability analysis of the whole conveying system including characteristics of blower and pipelines as well as gas-solid suspension. The system is expressed by a lumped parameter approximation. The results are in good agreement with experimental ones obtained by using a 20 mm-I.D., 5.6 m-long vertical glass tube with three sizes of glass beads, within an error of 10 %.
flow pattern of solids changes from lean or dilutephase flow to dense-phase slug flow. The transition from dilute-to dense-phase flow is usually defined as choking.
Although conventional vertical pneumatic conveying is generally carried out in the dilute-phase regime, it is desirable to operate at as low a gas flow rate as possible from energy requirements, pipe erosion, and particle attrition considerations.
In designing vertical pneumatic transport systems, therefore, it is of vital importance to predict the flow condition at choking.
Unfortunately, little information is available in the literature for predicting the choking point. Recently, a review was presented by Leung5) on the transition of flow behaviour of gas-solids two-phase flow including the choking phenomenon. Leung indicated that two different types of behaviour, sharp transition and fuzzy transition, are possible according to the system, and defined the former one as choking.
As for experiments on choking, there have been works by Lewis et aU\ Zenz9), Capes and Nakamura1*, and Knowlton and Bachovchin3) . And some attempts to correlate their data have been made by Doig and Roper2), Leung et 
al.i] and Yang8). As
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literature for predicting the choking point. There are two possible reasons whysuch a situation has persisted despite mucheffort towards clarifying the choking phenomenon.The first is that the term "choking point" is very ambiguously defined. In the textbook by Zenz and Othmer10) it is described qualitatively, not quantitatively, as a transition point from dilute-phase flow to slug flow. The problem is how to determine the choking point quantitatively in the experiments. All previous experiments on the choking point were matters of subjective observation; that is, only by visual inspection.
Consequently, even results obtained under almost the same conditions vary widely, according to researcher. The second reason is the fact that the transition from leanphase flow to slug flow has been considered to be an inherent instability process of dispersion. They have not considered the instability of the whole conveying system including the blower, valves and pipelines. When blowers characterized by reducing delivery at increasing delivery pressure are used, the transition to the slug flow regime may be triggered off by a sudden reduction of gas flow rate (or a sudden increase in solids feed rate).
This causes an increase in pressure drop and hence in blower delivery pressure. Consequently, blower delivery falls, causing a further increase in solid holdup in the pipe with a corresponding further increase of pressure drop, and so on. This phenomenon is closely related to the dynamic stability of the whole conveying system. Thus the stability of the operating point is much affected by the relationship between flow rate and delivery pressure, especially when a constant-pressure blower is used.
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Even if a constant-flow rate blower is used, in a system where gas flow rate is controlled by by-passing, the whole gas supply system behaves as a constantpressure blower for a test section side, and consequently the stability of the whole system becomes again a subject of discussion.
Thus the choking velocity, which corresponds to the instability point, is determined by the dynamic characteristics of the apparatus as well as the physical properties of solids, solids flow rate and tube diameter, and it is a matter of course for experimental data to have a wide variety according to author even under almost the same conditions. Therefore, it is impossible to correlate them with experimental conditions when the characteristics of the apparatus are excluded.
In this paper, we will examine the dynamic stability of the operating point by approximating the system as a lumped-parameter system and then derive a criterion on the limit condition for stable transport of solids.
Theory will be compared with experiments.
Dynamic Stability of Pneumatic Conveying System
Weconsider an arrangement of pipeline for pneumatic conveying system as shownin Fig. 1 , where air flow rate is controlled by valve Vc and excess air is exhausted through a by-pass line. For simplicity, the system is described on the basis of a lumpedparameter approximation and it is also assumedthat the system is isothermal and that air is incompressible.
Letting pa (or pp) and q, respectively, denote static pressure and air flow rate at the inlet section of the test tube, wedivide the whole system into two subsystems; the upstream part refers to the gas supply system and the downstream one to the test pipe system. Notations of static pressure and air flow rate at other points are shown in Fig. 1 . To examine the dynamic stability of the operating point, we have to obtain the relationship between static pressure and air flow rate in steady-state operation. Suppose that the air flow rate from a rotary blower is characterized by
where a is so small that the blower behaves just like a constant-flow rate blower. Let kl9 k2 and kb be, respectively, resistance coefficient for the pipeline from (D to ®, from © to ®, and for the by-pass line ( Fig. 1 ). Then the relationship between pressure and air flow rate in each part is approximated by
p2-po =kbq2b (4) where frictional resistance within the pipe and pres- Substituting Eqs. (2) and (4) into (1) and eliminating all pressure terms, we have 
From Eqs. (3) and (4), the static pressure at the inlet section of the test pipe is related to air flow rate by
Since flow rate of air, q, flowing into the test pipe section is controlled by valve Vc, the resistance coefficient k2 can be approximated by k2=k2>0+kv (10) where k2>0 is the resistance coefficient when the valve is fully opened and kv is that due to the stem position of control valve. Other resistance coefficients such as kx and kh can be easily estimated from details of arrangement of the piping system, such as diameter, length and material of pipe, and other piping elements. The relationship between air flow rate and pressure at the inlet of the test pipe, curvef(q), which can be calculated from Eq. (9), is illustrated in Fig. 2 with parameters ofkv. It can be seen from the figure that the pressure-flow rate curve of this system is similar to that of a constant-pressure blower; that is, this gas supply system works as a kind of constantpressure blower.
On the other hand, the pressure drop along the test pipeline is described as5)
To calculate the integral in this equation, it is necessary to know the variation of solid velocity along the transport line. Here we approximate the integral by using an arithmetic mean of the solid velocity: onehalf of the solid velocity in the fully accelerated region. Thus the above equation is simplified as pp -p0 =Kaq2+2GpL/Aup +KpGpup/2A + Gpup/A =g(q)
where the dispersed density is rewritten by using the relation pds=Gp/Aup. The curve of this relation, g(q), is sketched in Fig. 2 with a parameter of solids flow rate. Gp. Finally, the intersection of two curves, f(q) and g(q), becomes a steady-state operating point.
Next we examine the stability of the operating point based on a lumped-parameter approximation.
If we let inertance of the whole system be denoted by / and its capacitance by C, the dynamic equation of the system is expressed by I(dqldt)+(l/C) \ qdt=pa -pp (1 3) where pa and pp, respectively, are expressed by such functions as pa=pa(q, N) and pP=pp(q, Gp). After linearization around the steady-state operating point, differentiating this equation with respect to time and rearranging in order of q lead to
If the rotation speed and solids flow rate are constant, the right-hand side of Eq. (14) becomes zero. Then 442 the necessary and sufficient condition for stability of the system is described by the following well-known inequalities* :
For the criterion, inequality (16) is always satisfied in this case. Then, if the gradient of the f-curve at an operating point is less than that of the g-curve, the system is stable. For instance, point A in Fig. 2 where solid velocity up is a function of gas flow rate. Then if the function is given, Eq. (17) can be solved by using Eqs. (8), (18) and (19). The solution is a critical gas flow rate leading to the instability.
Experimental Apparatus and Procedure
A schematic diagram of the vertical conveying system is shown in Fig. 3 . The conveying line consists of a 20mm-I.D. Pyrex glass tube of 5.6m length. The pipeline from the blower to the test section was made of steel pipe. Air was supplied by a constant-flow rate rotary blower. The air flow rate into the test section was controlled by valve Vc and excess air was exhausted through a by-pass line. The solids flow rate was controlled by a vibrating feeder. The solids used in this investigation were spherical * These inequalities mean that the operating point will be either a stable focus or a stable node. glass beads, the physical properties of which are summarized in Table 1 .
The air flow rate was gradually reduced at fixed solids flow rates, and the static pressure distribution along the test tube was measured by means of an electronic manometer. We defined the choking velocity as the air velocity at which the instability occurred and consequently the substantial transport of solids becameimpossible. Wethen measured air flow rate just before the instability appeared.
Comparison between Theory and Experiments

1 Parameter estimation
To calculate the limiting condition for stable transport of solids, it is necessary to evaluate the resistance coefficient of each pipeline and the p-q curve of the blower used. These are estimated in the following manner.
The resistance coefficient can be evaluated by pressure-drop calculation through the pipeline, since the details of the pipeline are known except for the by-pass line. The by-pass line consists of steel pipe and a hand-made silencer. Since the resistance coefficient of the silencer could not be calculated in advance, it was estimated by a preparatory experiment. The resistance coefficient kb was evaluated by fitting the calculated p-q curve with the observed one, which was obtained with fully opened valve Vc. Thep-q curve in this case is shown in Fig. 2 , where its comparison is also shown. The results of parameter estimation are tabulated in Table 2 . With these values, the f-curve, Eq. (9), can be calculated with the parameter of resistance coefficient of control valve, kv, as illustrated in Fig. 2 .
As for calculation of the g-curve, that is, the pressure-drop curve along the test section, we have to know the solid velocity as a function of air flowrate. In this paper, the following empirical relation, obtained from other experiments7}, is used.
up=a'\og (ua)-b (20) where constants a and b are functions of both particle size and solids flow rate. Friction factor between solids and wall, /p, is assumed constant for simplicity.
2 Comparison of results
Comparisons between experimental and calculated g-curves with various solids flow rates are shown in Figs. 4-6 , where f-curves calculated by Eq. (9) are also shown. In the figures, arrows indicate the limiting points possible for substantial transport of solids. The difference between calculated and experimental g-curves is mainly attributed to the assumption that the integral term in Eq. (1 1 line. This purpose may be attained by more precise correlation of solids velocity, which also describes the acceleration of the solids in any flow pattern.
C onclusion
The choking velocity was predicted on the basis of the dynamic stability of the whole conveying system, including characteristics of blower and pipeline. Calculated results were in good agreement with experimental ones within an error of 10%.
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To predict effects of mass injection or suction on velocity distribution, friction factor and pressure gradient, it has been assumed in theoretical studies3'5'7)10) that porous tube flow was self-similar. The self-similarity is defined as a state of flow in which a local velocity distribution divided by the cross-sectional average velocity does not vary in the
